Background. According to the Response Assessment in Neuro-Oncology criteria, new enhancement within the radiation field on contrast enhanced T1-weighted images within 12 weeks after completion of radiotherapy should not qualify for progressive disease, since up to 50% of these cases may be pseudoprogression (PsP). To validate this concept, we assessed incidence and overall survival (OS) of patients with suspected and confirmed PsP dependent on different time intervals and definitions of PsP.
1
Although PsP has been reported in up to 50%, 2,11 the inclusion of PsP in the RANO criteria has not been based on large patient series with clearly defined imaging and read-out criteria. 8, 12 Furthermore, there is no consensus on whether the term "PsP" should also include cases of stable enhancement in the subsequent f/u or should be exclusively used for a decrease or a complete resolution of the initial enhancement.
The aim of this study was to determine the incidence of PsP at different time points and different degrees of enhancement decrease in a large patient series. Additionally, overall survival (OS) of patients with true progression and PsP was compared among subgroups. Finally it was evaluated whether changes on T2-weighted images can differentiate true progression and PsP.
Materials and Methods

Patient Selection Criteria
This retrospective study was approved by the local ethical committee of the University of Heidelberg. All patients were treated at the Medical Center in Heidelberg and had consented to MRI and therapy according to German regulations. Five hundred forty-eight subsequent patients treated for newly diagnosed glioblastoma between January 1, 2007 and August 31, 2012 were eligible for this study. Only patients treated with standard radiochemotherapy according to Stupp and colleagues 13 aged 18 years or older with a postoperative baseline scan within 72 h after surgery and regular MRI scans done until enhancement increase on T1-weighted MR images were included. Patients who received additional antiangiogenic medication were excluded.
To qualify for true progression or PsP, patients had to present an enhancement increase of at least 25% of an original lesion with ≥10 mm of perpendicular diameters or a new nodular component ≥10 mm within the radiation field in the first, second, third, or fourth f/u compared with the baseline examination. Patients who did not present an enhancement increase within 1 year after completion of radiotherapy and patients who presented an enhancement increase of ,25% or an enhancement outside the radiation field were excluded. Inclusion and exclusion criteria are summarized in Table 1 .
Finally, corticosteroid dosage at the time of the f/u with 25% enhancement increase was assessed by chart review for each included patient.
Imaging
MRI was performed on a 3-Tesla scanner (Trio and Verio, Siemens) or a 1.5-Tesla scanner (Symphony, Siemens). The standard MRI protocol included an axial T1-weighted sequence (repetition time [TR] , 400 ms; echo time [TE], 15 ms; section thickness, 5 mm; field of view [FOV], 230 mm) or alternatively, a T1-weighted 3D magnetization-prepared rapid acquisition with gradient echo sequence (TR, 1740 ms; TE, 3.45 ms; slice thickness, 1.0 mm; FOV, 250 mm) before and after application of contrast agent, a T2-weighted sequence (TR, 4890 ms; TE, 85 ms; slice thickness, 5 mm; FOV, 230 mm), or a fluid attenuated inversion recovery (FLAIR) sequence (TR, 8500 ms; TE, 85 ms; inversion time, 2400 ms; slice thickness, 5 mm; FOV, 230 mm). 
Categorization as True Progression or Pseudoprogression
All included patients were categorized as either true progression or PsP on f/u MRI. Patients were categorized as true progression if they presented a further increase of the initial 25% enhancement increase within the next 2 f/u's or if the enhancement was histologically confirmed as tumor progression. In fatal outcomes within 6 months after the initial enhancement increase due to tumor-related deterioration, patients were categorized as true progression.
Patients were classified as PsP if the initial enhancement increase did not increase further within the next 2 f/u's, if the enhancement decreased within the next 2 f/u's, or if histological assessment did not reveal any tumor cells. Enhancement decrease was further classified as decrease less than 50% (PsP , 50%) or more than 50% (PsP . 50%) or as complete resolution of enhancement compared with the initial enhancement increase.
Furthermore, T2-weighted or FLAIR images at baseline and at the f/u that displayed a 25% enhancement increase were assessed. The development of the T2 signal was categorized as T2 increase .25%, stable T2 signal, or T2 signal decrease.
All MRI scans were assessed independently by 2 neuroradiologists (A.R. and P.K.), who were blinded to all patient data. Discrepancies were resolved by consensus reading. According to RANO criteria, the enhancement was quantified on contrast enhanced T1-weighted images by the sum of the products of perpendicular diameters of enhancing lesions and compared with the baseline image. Changes of hyperintensities on T2 or FLAIR images were assessed accordingly.
Statistical Analysis
Incidences of PsP in the first, second, third, and fourth f/u subgroups were compared using the x 2 test. Overall survival was measured from date of baseline scan to death, and the logrank test was employed to compare PsP versus true progression. Patients who were alive at last evaluation (August 1, 2013) were censored. A multivariate Cox proportional hazards regression model was used for adjustment of median age and extent of tumor resection (gross total vs subtotal or biopsy). All statistical tests were performed using SPSS 21.0. P , .05 was deemed statistically significant. All described results are reported as medians with ranges or 95% CIs for continuous variables.
Results
In total, 79 of 548 patients fulfilled the inclusion criteria for this study.
In a first step, patients were categorized into 4 different groups depending on the f/u in which the initial enhancement increase of at least 25% was diagnosed: 45 patients were assigned to the first, 17 to the second, 9 to the third, and 8 to the fourth group. In a second step, patients within each group were categorized based on the further development of contrast enhancement into true progression or PsP, subgrouped as stable enhancement, PsP , 50%, PsP . 50%, or total resolution of the enhancement. Average scan date after initial diagnosis was assessed for each group: 34.0+18.0 days for the first group, 113.3+15.2 days for the second group, 187.8+23.5 days for the third group, and 305.0+53.6 days for the fourth group.
Patient distribution among the different subgroups and average scan dates after initial diagnosis are summarized in Table 2 .
Median OS was calculated for PsP and true progression in each group. Subsequently the log-rank test was applied for the first group and cumulatively on all groups together. The isolated application of the log-rank test on the second, third, and fourth groups was precluded due to the small number of PsP cases in these groups. In the first group, median OS was longer in patients with PsP (29.9 [12.7 -47 .0] mo) than in patients with true progression (14.3 [11.9 -16.8 ] mo) (log-rank test, P ¼ .03). Taking all 4 groups together, we found a difference between patients with true progression (median OS of 15.8 [13.8 -17.7] mo) and patients with PsP (median OS of 29.6 [16.5 -42.6] mo) (log-rank test, P ¼ .012).
To assess whether the amount of enhancement decrease in the PsP group had an influence on OS, we compared the OS of the patients who presented stable PsP or PsP , 50% with OS of patients with total resolution of the enhancement or PsP . 50%. For the 5 patients who presented stable PsP or PsP , 50%, median OS was 35.4 months (95% CI, 16.0 -54.8 mo) and log rank revealed a significant difference compared with patients with true progression (P ¼ .029). In contrast, median OS of the 4 patients with PsP who presented a total PsP or PsP . 50% was 23.6 (14.4 -32.8) months and not different from the median OS of patients with true progression (log-rank test, P ¼ .16). OS did not differ between the 2 PsP groups (logrank test, P ¼ .7) (Fig. 2D) . Finally, the x 2 test did not reveal a difference among incidences of PsP in the first, second, or third f/u. 
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A multivariate Cox proportional hazards regression model for adjustment of median age (≤58 vs .58 y) and extent of tumor resection (gross total resection vs biopsy/subtotal resection) was performed on the first group and cumulatively on all groups. The low number of PsP cases impeded individual analysis of the second and third groups. In the first group, adjustment for the above-mentioned clinical confounders yielded a hazard ratio of 3.0 (1.0 -8.8) (P , .044), while the cumulative adjustment for all 4 groups was 2.9 (1.2 -6.8) (P , .014). Results of the log-rank tests and of the multivariate Cox regression are summarized in Fig. 2 and in Table 3 .
No difference was detected between T2-signal development and appearance of true progression or PsP (Table 4) . Finally, no difference was detected for the percentage of patients who received steroid therapy at the initial enhancement-presenting f/ u between the true progression group (15/70 patients, 21.4%) and the PsP group (2/9 patients, 22.2%).
Discussion
The definition of the RANO criteria to consider an increased enhancement within the first 12 weeks after completion of radiochemotherapy as potential PsP is based on the assumption that PsP is a radiographic phenomenon associated with prolonged OS 14 and occurs with an incidence of up to 50%, 11,15 mainly within the above-mentioned period of time. 1 Our data confirm a prolonged OS in patients presenting with PsP. However, we could neither confirm the previously reported high incidence of PsP nor the narrow time-dependent definition suggested by the RANO criteria.
Incidence of Pseudoprogression
A wide variation in the incidence of PsP of between 12%
16 and 64% 17 has been reported in published studies that often contain small numbers of cases. 2,8,18 -20 In this context, it is important to note that our study refers to the incidence of PsP as only the incidence of all patients with a new enhancement on f/u and not to the cohort of all glioblastoma patients, since the latter would result in even lower incidence rates.
In a large study on PsP, the incidence of PsP was assessed within 4 weeks after completion of radiochemotherapy, and PsP was diagnosed in 32 of 50 patients.
14 In contrast, we found PsP in 6 of 45 patients after 4 weeks (first f/u).
Since our study is based on the widest possible definition of PsP (including cases with stable enhancement at f/u after a suspected PsP), the amount of subsequent enhancement decrease does not explain the discrepancy in the incidences reported. The categorization of patients with stable PsP or PsP , 50% as true progression would have resulted in an even lower incidence of PsP in our study.
In contrast, the initial amount of enhancement increase required to classify a new enhancement as potential PsP plays a pivotal role. Some studies have required only a "lesion growth." 14 From a clinical point of view, this definition is questionable because the nonobservance of PsP would contribute to false clinical decisions only if the "pseudo-enhancement" increase reached 25%. Any increase below this cutoff value would not require any change in therapy, since it would be evaluated at least as stable disease.
An approach that defines any enhancement increase as potential PsP is furthermore likely to overestimate the incidence of PsP. This especially holds true if the subsequent enhancement In our view, the unequivocal identification of a 25% initial enhancement increase is the main reason for the divergent incidences of PsP reported in our study and former studies. The response evaluation is highly subjective, and in case of uncertainty the assumption of an initial 25% enhancement increase should be made with caution: while an initial slight enhancement increase may appear and subsequently disappear frequently after radiochemotherapy, our study demonstrated that an unequivocal enhancement increase of at least 25% disappears very rarely in the subsequent f/u.
Furthermore, different MRI parameters at different institutions as well as the combined use of MRI and CT scans for f/u assessment might have contributed to the divergent incidences reported in prior studies. For example, Taal et al 20 found in a study that used the 25% enhancement increase criterion in 36 patients with mixed CT and MRI baseline scans an incidence of PsP of 50%. Even though the subgroup analysis did not reveal any significant difference for the PsP incidence within the subgroups, this experimental setting might be a gateway to a readout bias.
In a recently published large prospective study, the frequency of confirmed PsP was 9.3% in the standard arm, radiochemotherapy with temozolomide, supporting our findings rather than the high levels reported in the past. 21 
Pseudoprogression Beyond 12 Weeks
Furthermore, our study could not confirm the assumption that PsP is most prevalent within 12 weeks after completion of radiotherapy. Systematic studies of larger patient cohorts about the incidence of PsP within different time spans do not exist. Recent studies investigated time spans from 4 weeks 14,20 to 6 months. 16 As mentioned above, the hitherto largest study on PsP focused on the 4-week criterion.
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14 In contrast, some studies emphasize the potential of late and prolonged PsP. Chaski et al 16 found in a cohort of 25 patients with newly increased enhancement 3 patients with PsP 2, 4, and 6 months after completion of radiochemotherapy. They did not identify any patient with PsP immediately after completion of radiochemotherapy and concluded that PsP will occur mainly as delayed focal enhancement during the 6 months of maintenance therapy with temozolomide. 16 Furthermore, Stuplich et al 22 recently reported the occurrence of late and prolonged PsP in a small case series with 8 patients. Three of these 8 patients presented PsP at 10, 19, and 39 weeks after completion of radiotherapy and subsequent treatment with lomustine and temozolomide. 22 In our study, we did not find a significant difference between the incidence of PsP 1 month, 4 months, or 7 months after completion of radiochemotherapy. These results should be interpreted cautiously, since there were in total only 9 patients with PsP in these 3 groups. It also has to be mentioned that we could not identify any patient with PsP among the 8 patients who presented an enhancement increase in the fourth f/u.
Taking together the low frequency of PsP within 12 weeks after radiochemotherapy, the unequivocal evidence of 3 cases of PsP beyond the 12-week criterion, and the comparable incidences of PsP at first, second, and third f/u's, our study challenges the introduced arbitrary cutoff definition of 12 weeks.
Required Enhancement Decrease for Definition of Pseudoprogression
Generally, there is no consensus about whether PsP should be exclusively limited to the complete or significant disappearance of an initially newly diagnosed enhancement or should include also cases of enhancement stabilization. The RANO criteria state that PsP should be suggested for an increased enhancement that "eventually subsides."
1 However, the vast majority of studies also include patients who present a stabilization of the enhancement.
This stands in contrast to the published MRIs frequently presenting an almost complete or a complete disappearance of contrast enhancement (Fig. 1) .
Since we could not find a statistically significantly different OS between the PsP subgroups with an enhancement decrease larger or smaller than 50%, we suggest including patients with stable enhancement in the definition of PsP.
The low frequency of a complete enhancement disappearance in our study (found in only 1 patient) further supports the hypothesis that the histopathological basis of PsP is not always a transiently increased permeability of the tumor vasculature. The stable enhancement may rather be caused by a permanently disrupted blood -brain barrier or by confounding effects of recurrent tumor portions. The latter reason may potentially present the common scenario of a mixture of PsP and recurrent glioma. 23, 24 Pseudoprogression Under RANO Criteria
The way PsP is defined in the RANO criteria has important implications for daily clinical decision making as well as for the management of clinical trials in the event that a patient presenting true progression is mistakenly diagnosed with PsP. Using the RANO criteria, these patients will only (correctly) be diagnosed with true progression in a subsequent f/u. As highlighted by Pope and Hessel, 25 this delay of the correct diagnosis to the next f/u may exclude the fastest recurring tumors from necessary therapy changes. Moreover, since the RANO criteria propose that patients with suspected PsP should be excluded from trials for recurrent glioma (and most trials follow this recommendation), this group of patients with very aggressive tumors who probably most urgently require new therapies have a delayed enrollment into clinical trials. Therefore, the risks of a premature termination of a sufficient therapy in case of PsP on the one hand and the above-mentioned risks of a delayed therapy change in case of true progression on the other hand have to be weighed against each other. 25 In this respect, the results of our study challenge the current definition of PsP by the RANO criteria.
According to the results of the present study, 86.7% of all patients with a new enhancement at the first f/u after radiotherapy would erroneously be diagnosed with PsP. Even though we found significantly prolonged OS in patients with PsP, it is questionable whether this low incidence can truly justify the delay in necessary therapy changes in the majority of glioblastoma patients. Based on our findings, we would rather suggest not excluding patients from trials for recurrent gliomas who present an unequivocal enhancement increase of at least Finally, there are still limitations that should be considered in the current study. First of all, the number of included patients with PsP is relatively small (9 patients), which makes especially the survival analysis prone to bias. Furthermore, we did not have histopathological confirmation of suspected true progression and PsP. This confirmation would be especially relevant for the differentiation of PsP and radiation necrosis. It has been reported that radiation necrosis 26 might be a more severe local tissue reaction than PsP that potentially requires surgical debulking in clinical symptomatic cases. 27 These cases might progress and mimic tumor progression if left untreated and hence lead to an underestimation of the PsP incidence. However, the majority of prior studies reporting on the incidence of PsP did not have histopathological confirmation either, 14, 20 which makes the missing histopathological confirmation a general limitation that cannot explain the differences in the reported incidences of PsP.
A further limitation of our study is its retrospective design. We therefore suggest evaluating the incidence of PsP at different time points in a large collaborative multicenter effort. Finally, a reliable differentiation of PsP and true progression with other MR techniques would be the most preferable solution. Since we have shown in the current study that the sole development of the T2 signal does not differentiate both entities, advanced imaging and postprocessing techniques should be investigated to differentiate PsP and true progression reliably.
Conclusion
Even though we could prove a prolonged OS for patients with PsP, the results of this retrospective study challenge the current management of PsP. Under the current guidelines for PsP, 86.7% of the patients in this study were initially erroneously diagnosed with PsP. Furthermore, no difference between the incidence of PSP at months 1, 4, and 7 could be detected, questioning the proposed 3-month cutoff value. 
